rhombencephalic reticular formation, superior raphe nucleus, octavolateral area, solitary tract nucleus, and spinal cord. Remarkably, DARPP-32-immunoreactive fibers originating in the striatum reach the region of the dopaminergic cells in the mesencephalic tegmentum and represent a well-established striatonigral pathway in lungfishes. Double immunolabeling reveals that DARPP-32 is present in neurons that most likely receive TH input, but it is absent from the catecholaminergic neurons themselves, with the only exception of a few cells in the suprachiasmatic nucleus of Neoceratodus and the solitary tract nucleus of Protopterus. In addition, some species differences exist in the localization of DARPP-32 cells in the pallium, lateral amygdala, thalamus, prethalamus, and octavolateral area. In general, the present study demonstrates that the distribution pattern of DARPP-32, and its relationship with TH, is largely comparable to those reported for tetrapods, highlighting a shared situation among all sarcopterygians.
adenylyl-cyclase-coupled D 1 -dopamine receptor [Hemmings and Greengard, 1986; Greengard et al., 1998; Greengard, 2001; Yger and Girault, 2011] . It is also known as PPP1R1B (protein phosphatase 1, regulatory subunit 1B) because it is a potent inhibitor of protein phosphatase 1 (PP1) . DARPP-32 was considered a good marker for neurons containing D 1 receptor [Langley et el., 1997; Fienberg et al., 1998; Rajput et al., 2009] , one of the main targets of dopamine, although it can be regulated by many other extracellular messengers, such as glutamate [Svenningsson et al., 2004; Fernández et al., 2006] . DARPP-32 is highly enriched in striatal medium-sized spiny neurons with a dense dopamine-and glutamate-innervation [Ouimet and Greengard, 1990; Walaas et al., 2011] . The activation of dopaminergic and glutamatergic receptors regulates the phosphorylation of DARPP-32, but with opposite molecular mechanisms. Thus, the stimulation of dopamine D 1 receptor enhances the phosphorylation by PKA of Thr-34 site in DARPP-32 [Walaas et al., 1983; Walaas and Greengard, 1984] , which acts as a strong PP1 inhibitor , whereas the activation of the NMDA receptor promotes the elevation of intracellular calcium, inducing dephosphorylation of DARPP-32 [Halpain et al., 1990; Nishi et al., 2005 Nishi et al., , 2017 and reducing its PP1 inhibitory activity. In addition, DARPP-32 is phosphorylated/dephosphorylated by several other kinases and phosphatases with multiple cellular responses, including the regulation of cytonuclear trafficking and chromatin response [Johansen and Johansen, 2006; Stipanovich et al., 2008; Yger and Girault, 2011] . Therefore, DARPP-32 acts as a "third messenger" that integrates multiple signaling pathways important to the proper functioning of the neural circuits in which it is expressed Svenningsson et al., 2002; Andersson et al., 2005; Kuroiwa et al., 2008; Hara et al., 2010; Yger and Girault, 2011] .
Immunocytochemical studies using antibodies specific to DARPP-32 have been carried out to determine its regional and cellular distribution in the brain of representative mammalian species, and it was observed that this protein is localized primarily in those brain regions enriched in dopaminergic nerve terminals. Moreover, the staining pattern supports the conclusion that the DARPP-32 is present in dopaminoceptive neurons, i.e., neurons that receive a dopamine input, and that it is absent from the dopaminergic neurons themselves [Ouimet et al., 1984 [Ouimet et al., , 1992 Schalling et al., 1990] . In particular, the protein was primarily detected in the neostriatum [Ouimet et al., 1984 [Ouimet et al., , 1992 Gustafson and Greengard, 1990; Ouimet and Greengard, 1990; Anderson and Reiner, 1991; Barbas et al., 1993; Greengard et al., 1998; Wang et al., 2004; Ishikawa et al., 2007; Glausier et al., 2010] , and a striatal prevalence of the protein has been also confirmed in birds [Absil et al., 2001; Schnabel et al., 1997; Durstewitz et al., 1998; Reiner et al., 1998; Roberts et al., 2002; Bálint et al., 2004; Reiner et al., 2004; Metzger et al., 2006; Bálint and Csillag, 2007; Csillag et al., 2008] . In addition, studies in reptiles confirmed a pattern of distribution largely comparable among all amniotes [Smeets et al., 2001 [Smeets et al., , 2003 Moreno et al., 2010] . In contrast, DARPP-32 was reported to be absent in anamniotes based on immunoblotting using antibodies against the bovine protein, and it was suggested that DARPP-32 evolved later during vertebrate evolution in the amniotes [Hemmings and Greengard, 1986] . However, subsequent phylogenetic studies comparing amino acid sequences of the PPP1R1/DARPP-32 family of PP1 inhibitors show that all members of this family are found in Osteichthyes (bony fishes, amphibians, reptiles, birds, and mammals) and seems to have originated in early vertebrate ancestors, probably in gnathostomes, whereas no homologous sequence was found in petromyzontoids (lampreys) and invertebrates [Yger and Girault, 2011] . Actually, DARPP-32 has been immunohistochemically mapped in the brain of anuran amphibians (anamniotes) and a largely common pattern of distribution with amniotes was observed O'Connell et al., 2010] . Furthermore, a recent study has revealed the presence and distribution of DARPP-32 in the brain of the teleost zebrafish, although the pattern of distribution was noticeably different from tetrapods [Robra and Thirumalai, 2016] . However, it should be noted that the distribution of DARPP-32 reported in the zebrafish brain most likely cannot be taken as a full description of the DARPP-32-expressing cells. Actually, the absence of immunolabelling of DARPP-32 in many brain regions that otherwise exhibit other dopaminoceptive markers for the D 1 receptor-bearing cells in teleosts [Kapsimali et al., 2000] suggests that this immunolabelling does not recapitulate the whole set of DARPP-32-expressing cells in the zebrafish brain.
Living lungfishes (infraclass Dipnoi) are a small group of 6 species of sarcopterygian fishes with a great evolutionary interest because the current phylogenomic approaches strongly support lungfishes as the closest living relatives of amphibians and other tetrapods [Brinkmann et al., 2004; Takezaki et al., 2004; Chen et al., 2012; Amemiya et al., 2013; Biscotti et al., 2016] . Therefore, the study of the lungfish neuroanatomical organization is of special interest for deducing evolutionary traits that were conserved, modified, or lost in the transition from fishes to land vertebrates.
The catecholaminergic systems, and in particular the dopaminergic system, in lungfishes have been recently investigated by immunohistochemistry with antibodies against the rate-limiting enzyme of catecholamine synthesis, tyrosine hydroxylase (TH), and dopamine . In the present study, we tried to further characterize these systems by evaluating the distribution pattern of DARPP-32, which will help in the identification of dopaminoceptive neuroanatomical structures. We have conducted a comprehensive analysis of the pattern of distribution of DARPP-32-immunoreactive (DARPP-32-ir) cells and fibers in the central nervous system of 2 representative species of lungfishes belonging to the 2 extant orders, the Australian lungfish Neoceratodus forsteri and the African lungfish Protopterus dolloi, using the same techniques applied in other studies in tetrapods. In addition, we investigated the correlative locations of dopaminergic (TH immunoreactive; TH-ir) and dopaminoceptive (DARPP-32 containing) structures in the brain using double immunohistofluorescence techniques. The analysis of the results in lungfishes and their comparison with those obtained in other vertebrate groups (Table 1) , will serve to establish primitive and derived traits in the DARPP-32 system. 
Spinal cord
Spinal gray matter -
+, presence of DARPP-32-ir cells; -, absence of DARPP-32-ir cells; +/-, presence of DARPP-32-ir cells only in some species of the group. References: teleost: Robra and Thirumalai [2016] ; lungfishes: González and Northcutt [2009] ; present results; amphibians: López et al. [2010] ; O'Connell et al. [2010] ; reptiles: Smeets et al. [2001 Smeets et al. [ , 2003 ; Moreno et al. [2010] ; birds: Schnabel et al. [1997] ; Durstewitz et al. [1998] ; Reiner et al. [1998] ; Absil et al. [2001] ; Roberts et al. [2002] ; Bálint et al. [2004] ; Reiner et al. [2004] ; Metzger et al. [2006] ; Bálint and Csillag [2007] ; Csillag et al. [2008] ; mammals: Ouimet et al. [1984 Ouimet et al. [ , 1992 ; Ouimet and Greengard [1990] ; Gustafson and Greengard [1990] ; Anderson and Reiner [1991] ; Perez and Lewis [1992] ; Barbas et al. [1993] ; Greengard et al. [1998] ; Wang et al. [2004] ; Ishikawa et al. [2007] ; Glausier et al. [2010] ; Buesa et al. [2016] . 
Materials and Methods
For the present study, a total of 3 juvenile Australian lungfish N. forsteri (total length 35-42 cm) and 5 juvenile African lungfish P. dolloi (total length 21-30 cm) were used. The African lungfish were purchased from an authorized commercial supplier (PezyCia, Madrid, Spain), and the Australian lungfish were obtained from Jindalee International Pty Ltd (Milton, QLD, Australia), an approved breeder and exporter. All animals were maintained in aquaria at 24-28 ° C under natural light conditions. The original research reported herein was performed according to the regulations and laws established by European Union (2010/63/EU) and Spain (Royal Decree 53/2013) after approval from the Universidad Complutense to conduct the experiments described. In addition, the N. forsteri specimens were handled by Dr. Glenn R. Northcutt and the initial steps of perfusion and fixation (the brains were then shipped to Spain) were conducted in the USA in conformation with standards established by the Institutional Animal Care and Use Committee at the University of California (San Diego) for the care and handling of animals in research.
The animals were deeply anesthetized by immersion in 0.01% tricaine methanesulfonate solution (MS222, Sandoz Basel, SW; pH 7.3) and perfused transcardially with physiological saline followed by 200 mL of cold 4% paraformaldehyde in a 0.1-M phosphate buffer (PB; pH 7.4). The brain and the upper spinal cord were removed from the skulls and kept in the same fixative for 2-3 h. Subsequently, they were immersed in a solution of 30% sucrose in PB for 4-6 h at 4 ° C until they sank, then embedded in a solution of 20% gelatin with 30% sucrose in PB, and stored for 6 h in a 3.7% formaldehyde solution at 4 ° C. The brains were cut on a freezing microtome at 40 μm in the transverse plane, and sections were collected and rinsed in cold PB.
DARPP-32 Immunohistochemistry
The free-floating sections were rinsed twice in PB, treated with 1% H 2 O 2 in PB for 15 min to reduce endogenous peroxidase activity, rinsed again 3 times in PB, and processed by the peroxidase antiperoxidase (PAP) method [Sternberger, 1979] . This included a first incubation of the sections in a primary serum of mouse anti-DARPP-32 (kindly donated by Dr. H.C. Hemmings Jr., The New York Hospital, Cornell Medical Center, NY, USA) diluted 1: 10,000 in PB containing 0.5% Triton X-100, 15% normal rabbit serum, and 2% bovine serum albumin, for 48 h at 4 ° C. Subsequently, the sections were rinsed 3 times in PB for 10 min and incubated for 60 min at room temperature in rabbit antimouse serum (Chemicon, Temecula, CA, USA; catalogue reference AP160) diluted 1: 50. After rising again 3 times for 10 min, the sections were incubated for 90 min in mouse PAP complex (Chemicon; catalogue reference PAP14) diluted 1: 500. Secondary antiserum and PAP complex were diluted in PB containing 0.5% Triton X-100, 15% normal rabbit serum, and 2% bovine serum albumin. Finally, the sections were rinsed 3 times for 10 min in PB and subsequently stained in 0.5 mg/mL 3,3′-diaminobenzidine (DAB; Vector SK4100) intensified with nickel [Adams et al., 1981] , with 0.01% H 2 O 2 in PB for 5-10 min. The series were mounted on glass slides with 0.25% gelatin in 0.1 M Tris-HCl buffer (TB, pH 7.6) and, after dehydration, coverslipped with Entellan (Merck, Darmstadt, Germany). Some sections were counterstained with cresyl violet to facilitate analysis of the results.
The specificity of the antisera was tested previously [Hemmings and Greengard, 1986] and it has been used in immunohistochemical studies in tetrapods [Ouimet et al., 1992; Schnabel et al., 1997; Reiner et al., 1998; Smeets et al., 2001 Smeets et al., , 2003 López et al., 2010; Moreno et al., 2010] . In addition, the immunohistochemical reaction was corroborated with controls in which either the primary antibody, secondary antibody, or the PAP complex was omitted. In all these negative controls, the immunostaining was eliminated.
Double DARPP-32 and TH Immunohistochemistry
To analyze the possible interactions between the DARPP-32-ir elements with the catecholaminergic structures a procedure based on double immunolabeling was used as follows: (1) first incubation for 48 h at 4 ° C in a mixture of mouse anti-DARPP-32 (diluted 1: 10,000) and rabbit anti-TH (diluted 1: 500; Millipore; catalogue reference AB152); (2) second incubation for 90 min at room temperature in a mixture of secondary antibodies: Alexa 488-conjugated goat anti-mouse (green fluorescence; Molecular Probes, Eugene, OR, USA; catalogue reference A21042) and Alexa 594-conjugated goat anti-rabbit (red fluorescence; Molecular Probes; catalogue reference A11037), both diluted 1: 500. After rising 3 times in PB, the sections were mounted on glass slides and coverslipped with Vectashield (Vector, Burlingame, CA, USA).
The specificity of the TH antibody was recently assessed in lungfishes and the immunostaining obtained in this study corroborated the correspondence between the immunohistochemical staining patterns obtained with this antiserum and other commercial monoclonal antibodies [González and Northcutt, 2009; López et al., 2009 López et al., , 2012 . It should be noted that in vertebrates, 2 distinct TH genes exist, TH1 and TH2, and the TH2 gene appears to have been lost in evolution only in placental mammals [see Yamamoto and Vernier, 2011] . Most commercially available antibodies to TH, including the one used in this study, were prepared against mammalian TH epitopes and only recognize TH1, which is expressed in the vast majority of catecholaminergic neurons [for more information, see .
Western Blotting Analysis
Western blotting analysis was performed for further characterization of the DARPP-32 antibody in lungfishes, and to test the consistency of the staining across species. One animal of each lungfish species was anesthetized, and the brains and spinal cords were quickly removed and frozen in dry ice until use. They were homogenized in homogenization buffer (5 mM EDTA, 20 mM Tris, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Nonidet P40; Roche, Mannheim, Germany) supplemented with protease and phosphatase inhibitors (50 µg/mL phenylmethylsulfonyl fluoride, 10 µg/ mL aprotinin, 25 µg/mL leupeptin, and 100 nM orthovanadate; all from Sigma). The supernatant, which included 50 µg of protein, was applied in each lane of 12% polyacrylamide (No. 161-0801; Bio-Rad) gel and separated by SDS-PAGE with a Mini-Protean system (Bio-Rad). Similarly obtained samples of the whole brain of the amphibian Xenopus laevis, the reptilian Pseudemys scripta, and the rat were run in other lanes, as well as molecular weight standards (Precision Plus Protein Kaleidoscope Standards, BioRad). The separated samples in the gel were transferred to nitrocellulose membrane (Bio-Rad). Nonspecific binding sites were blocked by incubation overnight in Tris-HCl buffer (TBS) con-DARPP-32 in the Brain of Lungfishes Brain Behav Evol 2017;90:289-310 DOI: 10.1159/000481929 293 taining 0.1% Tween-20 and 5% nonfat milk, at 4 ° C. The blots were then incubated for 24 h at 4 ° C in primary antibody dilution (as for immunohistochemistry). After 3 washes in TBS (10 min each), the membranes were incubated with goat anti-mouse horseradish peroxidase-coupled secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA; diluted 1: 15,000) for 2 h at room temperature. Immunoreactive bands were detected by using an enhanced chemiluminescence system (Super Signal West Pico Chemiluminiscent Substrate, Pierce, Thermo Scientific, Rockford, IL, USA). Photographs were taken after applying an autoradiographic film to the membrane, in the darkness, for 1-4 min ( Fig. 1 ).
Evaluation and Presentation of the Results
The distribution of DARPP-32-ir cell bodies and fibers in the brains of Protopterus and Neoceratodus was carefully analyzed with an Olympus BX51 microscope equipped with the appropriate filters for green-red fluorescence. The rostrocaudal distribution of DARPP-32-ir cell bodies and fibers was charted in representative transverse sections for the case of N. forsteri (Fig. 2 ). Drawings were made by means of a camera lucida in which the sections counterstained with cresyl violet facilitated the interpretation of the localization of the labeled structures. Selected photomicrographs of single-labeled ( Fig. 3-5 ) or double-labeled sections were obtained with a digital camera (Olympus DP70). Contrast and brightness were adjusted in Adobe PhotoShop CS3 (Adobe System, San Jose, CA, USA) and the photographs were mounted on figures in Canvas 11 (ACS System International).
The precise localization of the labeled structures was framed within the newly defined territories in the telencephalon of lungfishes [González and Northcutt, 2009 ], the segmental model proposed for the prosencephalon Rubenstein, 2003, 2015] and the rhombencephalon, adapted for lungfishes [see . The nomenclature used is essentially the same as followed in our previous studies of lungfish brains [González and Northcutt, 2009; López et al., 2012 González, 2015, 2017] .
Results
The antibody against DARPP-32 used in the present study revealed patterns of immunoreactivity that, for each of the 2 species examined, were constant from animal to animal. The labeling observed was restricted to neuronal cell bodies and fibers located in all main brain divisions. Additionally, the double DARPP-32/TH immunolabeling techniques allowed the analysis of possible colocalization/codistribution of both proteins and the relationship between the catecholaminergic innervation and DARPP-32-ir cell populations. Together with the immunohistochemical techniques, immunoblotting was used to analyze the presence of DARPP-32 in the brain of lungfishes. The Western blots of brain extracts of each species showed that the anti-DARPP-32 antiserum labeled single bands between 30 and 32 kDa that correspond well with the bands labeled in the rat, X. laevis, and P. scripta lanes (Fig. 1) . However, using the Western blot analysis it is difficult to assess whether the antibody recognizes the same protein or merely proteins with similar molecular weights. Therefore, it can be considered that we are detecting DARPP-32-like immunoreactive structures, but for simplicity we will refer to DARPP-32-ir cell bodies and fibers.
The regional distribution of DARPP-32-ir cell bodies and fibers was charted for N. forsteri in Figure 2 . In the following, we describe the distribution of the DARPP-32-ir elements taking Neoceratodus as the core species for which the complete pattern is detailed, but including the differential results obtained in Protopterus in specific brain regions. In both species, widespread immunoreactive structures were localized in all brain subdivisions and will be described from rostral to caudal levels.
Forebrain
The telencephalon of lungfishes is formed by 2 large evaginated hemispheres. In the case of Neoceratodus the ventral region or subpallium is markedly bigger than the dorsally located pallium, which is partially reduced to an ependymal tela ( Fig. 2b-d, 3a) . The olfactory bulbs are connected by a short peduncle to the rostral pole of the hemisphere (see the lateral view of the brain in Fig. 2 ). The subpallium of Protopterus is also very large and con- tains a caudal protrusion named the ventrocaudal telencephalic lobe (lvctel, Fig. 5d ). The pallium is thick at all levels and the olfactory bulbs lack peduncles and are sessile on the rostral part of the hemisphere. The olfactory bulbs in both species show all cell types present in most vertebrates, as well as a laminar arrangement with granular, mitral, and glomerular cell layers separated by plexiform layers [Nieuwenhuys, 1998] . A remarkable population of small-and medium-sized DARPP-32-ir cells was found mainly in the internal granular layer of the olfactory bulbs (Fig. 2a) . This population was intermingled with the group of dopaminergic (THir) cells present in the internal granular layer of this region, but colocalization was not observed (Fig. 6d) . In addition, a scarce group of scattered DARPP-32-ir cells was detected also on the mitral cell layer (Fig. 2a) .
The most intense immunoreactivity was found in subpallial telencephalic structures. This staining was especially prominent along the rostrocaudal extent of the striatum (Fig. 2b-d, 3a-c, 6a, 8a) . The intense DARPP-32-ir striatal cells appeared packaged in the external area of the periventricular layer of the dorsal and ventral striatum (Fig. 3b) . These pear-shaped cells showed long processes laterally directed to the external striatal fiber zone ( Fig. 2b-d, 3a- ( Fig. 6b, c) . Only in Protopterus, the striatal region possesses islands of cells migrated from the periventricular cell layer that extend into the ventrocaudal telencephalic lobe. The double labeling for DARPP-32 and TH showed the strongly DARPP-32-ir cells (Fig. 5a , b) and they were surrounded by TH-ir terminal-like structures ( Fig. 8d-f , j). Of note, not all the striatal groups of cells were DARPP-32-ir (Fig. 8j) . Fiber bundles that originated in the striatal DARPP-32-ir cells coursed caudally and joined the lateral forebrain bundle towards the diencephalon and brainstem ( Fig. 2e-k, 3d , f, h, 5d, 6f, 7a, g). A scarce group of DARPP-32-ir cells was also observed on the septal region, mainly located in the periventricular part of the lateral septum (Fig. 2b-d, 6a ). At mid-caudal levels of the telencephalon, a remarkable population of DARPP-32-ir cells was observed in the amygdaloid complex (Fig. 2d-f ). They were located close to the ventricle and showed a lateral or ventrolateral cell process, primarily in the central amygdala, which constitutes the caudal continuation of the striatal region (Fig. 2e,  3d) . DARPP-32-ir cells were only scarce in the lateral and medial amygdala (Fig. 2d-f, 3c, 5c, 6a) . The combination of the TH and DARPP-32 staining highlighted the striato-amygdaloid boundary through the low staining of the lateral amygdala in contrast to the intense labelling shown in the striatal cells (DARPP-32) and neuropil (TH), which was more patent in Protopterus (Fig. 8a-c ) than in Neoceratodus (Fig. 6a-c, e) . Some DARPP-32-ir cells were located in the bed nucleus of the stria terminalis and the pallidal region (Fig. 2e, 3d, 5d ), in close relation with intensely TH-ir fibers and terminals (Fig. 8g-i) .
The preoptic area contained a numerous population of DARPP-32-ir cells around the rostral preoptic recess of the third ventricle. They generally showed 2 processes, 1 short contacting with the cerebrospinal fluid (CSF), and a second process laterally or ventrolaterally directed (Fig. 2f, 3e ). Catecholaminergic cells were intermingled with DARPP-32-ir in this area but the actual colocalization of both markers in the same neurons was not observed (Fig. 6f) . Caudally, some labeled cells were found in the median preoptic nucleus (Fig. 2g) within the most ventral part of the preoptic region.
Within the current prosomeric model that we have followed, the hypothalamus is considered to be located 298 topologically ventral to the telencephalon and rostral to the diencephalon, although due to the sharp flexure of the brain axis it appears under the diencephalon in classical transverse sections Rubenstein, 2003, 2015] . As in the caudal parts of the brain, dorsal alar regions and ventral basal regions constitute the hypothalamus. The alar hypothalamic regions are continuous with alar regions of the diencephalon and consist of the paraventricular and subparaventricular regions. In the basal part of the hypothalamus, the tuberal region is dorsorostral to the ventrocaudal mamillary region .
In the dorsal part of the alar hypothalamus, a population of DARPP-32-ir cells occupied the paraventricular region. These cells formed a band parallel to the ventricle and possessed long and thin processes that in some cases contact the CSF (Fig. 2g, 3f) . A prominent innervation of catecholaminergic fibers and terminal like-structures was observed in this area. In the ventral part of the alar hypothalamus or subparaventricular region, the rostral and caudal parts of the suprachiasmatic nucleus showed a remarkable group of DARPP-32-ir neurons that did not show CSF-contacting processes (Fig. 2h, 7a ). This population was intermingled with the numerous groups of catecholaminergic cells of this region (Fig. 7b) . In general, double-labeled cells were not observed, with the only exception of the rostral part of the suprachiasmatic nucleus of Neoceratodus (Fig. 7c) . The small optic chiasm of lungfishes presented some immunoreactive fibers (Fig. 2h) . Within the basal hypothalamus, the tuberal region contained DARPP-32-ir cells (Fig. 2i, j, 3g ) that were generally migrated from the ventricle and showed long CSFcontacting processes. In the caudal tip of the infundibulum, DARPP-32-ir fibers were seen in the median eminence and no labeled cells were seen in the hypophysis. In the diencephalon, from rostral to caudal, distinct DARPP-32-ir cell populations occupied the prethalamus (formerly ventral thalamus), the thalamus (formerly dorsal thalamus), and pretectum ( Fig. 2g-i) . By far the most numerous group of immunoreactive cells was observed in the thalamus of Neoceratodus (Fig. 2g-i ). They were strongly packed periventriculary and with processes directed to the lateral neuropil, which contained abundant catecholaminergic fibers (Fig. 6g-i) . In contrast, the thalamic labeling in Protopterus was less conspicuous and virtually no immunoreactive cells were detected. In the epithalamus, scarce and scattered labeled DARPP-32-ir cells were observed in the habenula (Fig. 2g) , whereas in the prethalamus a small group of DARPP-32-ir cells were seen exclusively in the rostral part of the ventral thalamic nucleus of Neoceratodus (Fig. 2h, i ), but not in Protopterus. The pretectal region housed another small DARPP-32-ir cell population within the commissural pretectal nucleus formed by pear-shaped cells whose processes were directed laterally or dorsolaterally (Fig. 2i) . In this pretectal region a prominent catecholaminergic group was also observed only in Neoceratodus , but these cells were more dorsally located (Fig. 7d) and no actual colocalization of both proteins was detected in the same neurons.
Brainstem
In the dorsal part of the midbrain, the optic tectum contained conspicuous DARPP-32-ir cells and fibers throughout its rostrocaudal extent. Numerous DARPP-32-ir neurons were densely packed in the periventricular zone ( Fig. 2j-n, 3h, i) , also called stratum griseum periventriculare [Northcutt, 1980] , which showed long cell processes directed laterally (Fig. 3h, i) . This cell population received a strong catecholaminergic innervation (Fig. 7e, f) , mainly distributed in the stratum griseum centrale, although terminal-like structures were also labeled intermingled with the DARPP-32-ir cells in the periventricular layer (Fig. 7e, f) . DARPP-32-ir fibers formed by the dendritic arborizations of the immunoreactive cells were also profuse in the intermediate zone (Fig. 2j-l, 3h , i). Beneath the optic tectum, a group of labeled cells occupied the small torus semicircularis. These cells contained long processes that branched profusely in the superficial fiber zone (Fig. 2k-m, 3i ). This brain region also presented an intense catecholaminergic innervation (Fig. 7e, f) . As previously noted, DARPP-32-ir fibers originating in the striatum coursed towards the lateral forebrain bundle and reached the mesencephalic tegmentum (Fig. 2k, 3h, 7g) , in a region heavily populated with dendrites of the dopaminergic cells of the ventral tegmental area/substantia nigra complex, which formed a densely packed cell group located close to the midline (Fig. 7g-I,  8l) .
Caudal to the midbrain tegmentum, the labeled fibers continued and some of them turned dorsally towards the cerebellar nucleus and the cerebellar auricle (Fig. 2l-n,  3j-l) . Some of these fibers crossed to the other side in the cerebellar commissure (Fig. 2n) . More caudally, some of these labeled fibers reached the principal trigeminal sensory nucleus (Fig. 2p, 4a ). In the superior reticular nucleus, some DARPP-32-ir neurons with long processes ventromedially directed were located rostral to the trigeminal motor nucleus (Fig. 2o, 4a) . The remaining immunoreactive fibers were observed in the ventromedial fiber zone of the hindbrain, lateral to the interpeduncular neuropil (Fig. 2o, p, 4a) .
Both the isthmic and the interpeduncular nuclei were almost devoid of immunoreactive cells/fibers (Fig. 2m-o) . The corpus cerebelli also lacked DARPP-32-ir elements (Fig. 2o, p, 3l) , whereas near the midline some rounded DARPP-32-ir cells were seen in the superior raphe nucleus (Fig. 2p, 4b) . A rich plexus of labeled fibers and terminal-like structures were observed ventrolaterally within the descending trigeminal nucleus (Fig. 2q-s, 4c, d) .
With the exception of the pretrigeminal reticular group mentioned above, the rhombencephalic reticular formation was devoid of DARPP-32-ir cells throughout its rostrocaudal extent, whereas, in the alar plate of the rhombencephalon, a group of DARPP-32-ir neurons was observed in the medial and caudal nuclei of the octavolateral area of Neoceratodus (Fig. 2q, r, 4c ). These piriform cells possessed long processes laterally directed that crossed the midline to the contralateral side of the rhombencephalon (Fig. 2q, r, 4c ). In Protopterus, these immunoreactive cells were seen only in the caudal octavolateral nucleus.
In the caudal rhombencephalon and around the solitary tract a remarkable group of DARPP-32-ir cells was observed in the solitary tract nucleus (Fig. 2r, s, 4d, 5e) . In experiments of double immunolabeling, some of these cells, mainly located ventral to the solitary tract, showed coexpression with TH in Protopterus (Fig. 8m-o) but not in Neoceratodus (Fig. 7j-l) . It is noteworthy that only in Protopterus were some small immunoreactive cells seen dorsomedially to the solitary tract within the area postrema (Fig. 5f ). Finally, a remarkable population of DARPP-32-ir cells was observed in the rostral part of the spinal cord. These small cells were situated mainly in the dorsal and lateral fields of the gray matter (Fig. 2t, 4e ) and showed processes dorsolaterally directed that extended into the lateral and laterodorsal funiculi. In addition, occasional and weakly labeled cells were observed in the ventral spinal gray matter (Fig. 4e) . The localization of immunoreactive cells was coincident with the catecholaminergic innervation observed in these fields of the spinal gray matter present results] . The highest density of DARPP-32-ir fibers was observed in the dorsal and laterodorsal funiculi of the spinal white matter (Fig. 2t, 4e) .
Discussion
The present study has served to evaluate the presence of a complete system of DARPP-32-containing neurons in the brain of 2 lungfish species that, in general, is fully comparable to those described for the limbed vertebrates (tetrapods). Therefore, the previously reported idea that this protein might be absent from the anamniote vertebrate classes [Hemmings and Greengard, 1986] seems to be contradicted. Moreover, our Western botting analysis and the immunohistochemical demonstration of DARPP-32 in the brain of lungfishes (the closest living relatives of tetrapods) with the same antibody used in previous studies from amphibians to mammals supports a conservation throughout sarcopterygians. In other Osteichthyes, including bony fishes, due to the lack of conservation of epitopes, the use of the antibody against bovine DARPP-32 may explain the lack of immunoreactivity. However, it should be noted that sequence comparisons show that all PPP1R1 family members are actually found in all Osteichthyes [Yger and Girault, 2011] .
Our results show that, in general, according to the distribution of DARPP-32-ir cells in the brain of lungfishes, they may actually represent targets for dopaminergic fibers . This is in line with all previous studies in amniotes showing that DARPP-32 was enriched in dopamine-innervated brain regions [Ouimet et al., 1984] . In the following section, the general organization and variations of the distribution of DARPP-32 in the brain of lungfishes are discussed and compared with those of other vertebrates (Table 1) . In this regard, as mentioned in the Introduction, the results of the distribution of DARPP-32 in the brain of the zebrafish [Robra and Thirumalai, 2016] should be taken with caution since they were obtained differently from those of tetrapods, with which the comparison is more reliable.
Comparative Aspects of the Regional Distribution of DARPP-32
Telencephalon DARPP-32-ir cells are located in the mitral and internal granular layers of the olfactory bulbs in lungfishes in close relation to dopaminergic cells and fibers, as in amphibians O'Connell et al., 2010] and reptiles [Smeets et al., 2001 [Smeets et al., , 2003 ]. However, in reptiles DARPP-32-ir cells are more abundant within the anterior olfactory nucleus and the olfactory tubercle [Smeets et al., 2001 [Smeets et al., , 2003 , as is also the case in birds and mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Perez and Lewis, 1992; Schnabel et al., 1997] . In contrast, DARPP-32-ir cells were not reported in the zebrafish olfactory bulbs [Robra and Thirumalai, 2016] .
All pallial regions of Neoceratodus possess scattered DARPP-32-ir cells, whereas in the pallium of Protopterus no cells are detected. This specific and variable feature was also described in anuran amphibians, where a notable population of DARPP-32-ir cells was observed in all pallial areas of the Physalaemus pustulosus [O'Connell et al., 2010] but not in X. laevis and Rana perezi . Also, the pallium of zebrafish is devoid of DARPP-32-ir cells [Robra and Thirumalai, 2016] . In contrast, the cortical areas of reptiles, birds, and mammals contain DARPP-32-ir cells [Ouimet et al., 1984 [Ouimet et al., , 1992 Berger et al., 1990; Durstewitz et al., 1998; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 Wang et al., 2004; Ishikawa et al., 2007; Csillag et al., 2008; Glausier et al., 2010] , representing a constant feature shared by all amniotes studied. Particularly relevant is the presence of 304 DARPP-32-ir cells in the prefrontal cortex of mammals, which receives a strong dopaminergic innervation from the ventral tegmental area, and plays a critical role in working memory and selective attention tasks [Goldman-Rakic et al., 2000] .
The most conspicuous DARPP-32-ir cell population in the lungfish brain is located in the telencephalic region identified as the striatum, in relation to the intense dopaminergic innervation [González and Northcutt, 2009; González et al., 2014; . This is directly comparable to the situation found in amniotes. Actually, the first studies of the DARPP-32 distribution in mammals showed that >85% of the medium-sized spiny neurons in the striatum contain this protein Ouimet et al., 1998; Anderson and Reiner, 1991] . These cells were directly related to the GABAergic striatal projection neurons containing the D 1 receptor and are considered as the most important integrator between the cortical input and the basal ganglia, and associated with motor control [Svenningsson et al., 2004; Tepper and Bolam, 2004; Petryszyn et al., 2017] . The importance of the DARPP-32 in striatal functioning is evident in human Huntington disease and also in animal models, in which DARPP-32 is downregulated in the striatum and the effects on transcription seem an essential feature of the pathogenesis [Cha, 2007; Runne et al., 2008; Young et al., 2013] . Comparable results in the location of DARPP-32 were obtained in the avian and reptilian striatum [Schnabel et al., 1997; Durstewitz et al., 1998; Reiner et al., 1998; Smeets et al., 2001 Smeets et al., , 2003 Scott et al., 2002; Bálint et al., 2004; Csillag et al., 2008; Huang et al., 2014] . The present results add lungfishes to tetrapods in this common feature of striatal neurons, most likely indicating an underlying functional homology. In contrast, striatal-specific transcription factors in the ventral telencephalon of teleosts suggested the location of the striatum in the dorsal and central nuclei, [Wullimann and Mueller, 2004; Bally-Cuif and Vernier, 2010; Ganz et al., 2012; González et al., 2014] , and although catecholaminergic innervation was abundant in this region, no DARPP-32-ir cells were detected [Robra and Thirumalai, 2016] , suggesting distinct neuromodulatory mechanisms in the striatum of actinopterygian fishes, although more studies are needed in other species and with different technical approaches.
Also in the telencephalon, DARPP-32-ir cells are present in the lateral septum, the bed nucleus of the stria terminalis, and the amygdaloid complex of the 2 lungfishes studied, with the exception of the lateral amygdala of Protopterus that lacks immunoreactive cells. This situation is similar to that observed in the septal region and the amygdaloid complex of anuran amphibians O'Connell et al., 2010] and shared with all amniotes studied [Ouimet et al., 1984 [Ouimet et al., , 1992 Schnabel et al., 1997; Durstewitz et al., 1998; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 Roberts et al., 2002] . In contrast, the suggested homolog areas of the septum and amygdaloid complex in the ventral telencephalon of zebrafish [Ganz et al., 2012; González et al., 2014] are devoid of DARPP-32 immunoreactivity [Robra and Thirumalai, 2016] .
Finally, DARPP-32-ir cells are located within the preoptic area of lungfishes. The preoptic area has classically been considered the rostral-most part of the hypothalamus, but is currently considered a nonevaginated telencephalic region [Moreno and González, 2011; Domín-guez et al., 2013 Domín-guez et al., , 2015 . The presence of DARPP-32-ir preoptic cells is a feature conserved in most species of vertebrates studied, with the exceptions of the turtle and zebrafish [Smeets et al., 2003; Robra and Thirumalai, 2016] . In rats, DARPP-32 has been related to the modulation of sexual behavior in the medial preoptic nucleus [Meredith et al., 1998; McHenry et al., 2012] .
Hypothalamus
Within the alar hypothalamus of lungfishes, the paraventricular region and the suprachiasmatic nucleus in the subparaventricular region contain some populations of DARPP-32-ir cells. These populations have been described in similar locations of the amphibian alar hypothalamus O'Connell et al., 2010] but not in amniotes [Ouimet et al., 1984 [Ouimet et al., , 1992 Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 Yan et al., 2006] or the teleost zebrafish [Robra and Thirumalai, 2016] . In contrast, the presence of DARPP-32-ir cells in the tuberal hypothalamus is a conserved feature described in all groups of vertebrates studied (Table 1) , although its distribution was quite reduced in mammals [Ouimet et al., 1984; Hemmings et al., 1992] . The upregulation of DARPP-32 as well as other dopamine-related gene products in the orexinergic neurons of the lateral hypothalamus of rats by sodium deficiency has been reported, suggesting an ancient connection between the hypothalamic mechanism of salt appetite and the hedonic liking of salt taste [Liedtke et al., 2011] . Interestingly, we have previously described the presence of orexinergic cells in the tuberal hypothalamus of lungfishes [López et al., 2009] , and similar interactions could take place.
Diencephalon
The diencephalon of Neoceratodus contains a prominent group of DARPP-32-ir cells in the thalamus, and a small cell group is located in the prethalamus. In contrast, virtually no immunoreactive cells were detected in the thalamus and prethalamus of Protopterus. This variable distribution has also been described within the diencephalon of anuran amphibians, where DARPP-32-ir cells were reported in the thalamus of R. perezi and P. pustulosus but not in X. laevis O'Connell et al., 2010] , whereas DARPP-32-ir cells were seen in the prethalamus of Xenopus and Physalaemus but not in Rana O'Connell et al., 2010] . DARPP-32-ir cells were not observed in the prethalamus of amniotes and zebrafish. However, DARPP-32-ir neurons are located in the medial and posterior thalamic nuclei of Gekko and only in the medial thalamic nucleus of the Pseudemys turtle [Smeets et al., 2001 [Smeets et al., , 2003 . In birds, DARPP-32-ir cells were seen in the nucleus rotundus and in some parts of anterior and posterior thalamic nuclei [Absil et al., 2001] , whereas no immunoreactive cells have been detected in mammals and zebrafish. Thus, the presence of DARPP-32-ir cells in the thalamus seems to be a primitive and variable sarcopterygian feature lost in mammals.
The presence of DARPP-32-ir cells in the habenula is a feature shared by all species of sarcopterygian vertebrates studied [Ouimet et al., 1984 [Ouimet et al., , 1992 Perez and Lewis, 1992; Schnabel et al., 1997; Durstewitz et al., 1998; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 Roberts et al., 2002; López et al., 2010; O'Connell et al., 2010; present results] , whereas they are absent in zebrafish [Robra and Thirumalai, 2016] . In lungfishes and birds, these immunoreactive cells are located in the lateral habenular region [Absil et al., 2001; present results] , whereas in amphibians, reptiles, and mammals these cells are confined in the medial habenular subdivision [Ouimet et al., 1984 [Ouimet et al., , 1992 Perez and Lewis, 1992; Smeets et al., 2001 Smeets et al., , 2003 . Symmetrical DARPP-32 immunoreactivity is found in the habenula of lungfishes, as it has been also described in other species of tetrapods, with the unique exception of the anuran amphibian R. perezi, which possess DARPP-32-ir cells only in the left habenula .
The pretectal region of lungfishes houses a small DARPP-32-ir cell population within the commissural nucleus identified in anurans [Morona et al., 2011 . Also, in the pretectum of anuran amphibians a small number of DARPP-32-ir cells were observed in the commissural and juxtacommissural pretectal nuclei , whereas amniotes and zebrafish lack DARPP-32-ir pretectal cells. This fact seems to be a primitive feature present in anamniote sarcopterygians.
Mesencephalon
The mesencephalic optic tectum of lungfishes houses a large population of DARPP-32-ir cells in the periventricular zone throughout its rostrocaudal extent, in close relation to a notable catecholaminergic innervation present results] . Likewise, DARPP-32-ir cells occupy deep layers of the optic tectum of zebrafish and the anuran amphibians studied, also receiving a strong catecholaminergic innervation Smeets, 1991, 1994; González et al., 1993; Sánchez-Camacho et al., 2002; López et al., 2010; O'Connell et al., 2010; Robra and Thirumalai, 2016] . In amniotes, a remarkable population of DARPP-32-ir cells was also observed in the deep tectal layers of reptiles [Smeets et al., 2001 [Smeets et al., , 2003 ], but in superficial tectal layers of birds [Araki et al., 2000; Absil et al., 2001; Metzger et al., 2006] . These different localizations reflected the distribution of TH-ir fibers, located in more superficial tectal layers in birds [Metzger et al., 2006] . In sharp contrast, no DARPP-32-ir cells have been detected in the superior colliculus of mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984] . Thus, the presence of tectal DARPP-32-ir cells seems to be a primitive feature of the brain of vertebrates that has been lost in mammals.
DARPP-32-ir cells also occur in the small torus semicircularis of lungfishes, which also contains an intense catecholaminergic innervation present results] . A largely similar situation was found in the torus semicircularis of anuran amphibians O'Connell et al., 2010] and reptiles [Smeets et al., 2001 [Smeets et al., , 2003 . In birds, some immunoreactive cells have been detected in the nucleus intercollicularis [Absil et al., 2001] , whereas no immunoreactive cells have been described in the torus semicircularis of zebrafish [Robra and Thirumalai, 2016] and the inferior colliculus of mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984] . Thus, the presence of toral DARPP-32-ir cells seems to be a primitive sarcopterygian character absent in mammals.
The mesencephalic tegmentum of the lungfishes studied is devoid of DARPP-32-ir cells. Only in anurans have DARPP-32-ir cells been reported in the midbrain tegmentum O'Connell et al., 2010] , which seems to be a peculiar feature present only in amphibians. However, immunoreactive fibers in the ventral tegmental area and the pars reticulata of the substantia nigra arising in the striatal DARPP-32-ir cells have been consistently observed in all tetrapods [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 Bálint et al., 2004] . Interestingly in lungfishes, intense DARPP-32-ir fibers and terminals are located lateral to the prominent TH-ir cell group readily comparable to the VTA/SN complex of tetrapods [Reiner and Northcutt, 1987; . Therefore, the characteristic presence in tetrapods of a striatonigral (striatomesencephalic) system and its reciprocal nigrostriatal (mesencephalostriatal) system [Marín et al., 1998 ] is a shared feature of the basal ganglia organization also in lungfishes [Marín et al., 1998; . Although detailed hodological data are needed, the presence of GABA-, SP-, and DARPP-32 fibers originating in the striatum and coursing in the lateral forebrain bundle to reach the mesencephalic tegmental region heavily populated with dendrites of TH (dopaminergic) cells, the axons of which form the bulk of the TH innervation of the striatum , support the comparison.
Rhombencephalon and Upper Spinal Cord
The isthmic nucleus in the rostral rhombencephalon, discerned in lungfishes by its cholinergic nature and tectal projections [López et al., 2012] , is devoid of DARPP-32-ir cells as in zebrafish [Robra and Thirumalai, 2016] and anuran amphibians . In reptiles, DARPP-32-ir cells were found in the parvocellular portion of the nucleus isthmi [Smeets et al., 2001 [Smeets et al., , 2003 ], whereas no immunoreactive cells have been observed in the isthmic region of birds or its counterpart in mammals, the parabigeminal nucleus [Ouimet et al., 1984; Walaas and Greengard, 1984; Ouimet et al., 1992; Absil et al., 2001] .
On top of the rostral rhombencephalon, the cerebellum of lungfishes lacks DARPP-32-ir cells and fibers, whereas in amphibians some immunoreactive cells were seen in the molecular layer of R. perezi and P. pustulosus, but not in X. laevis, and Purkinje cells were never immunoreactive O'Connell et al., 2010] . No DARPP-32-ir cells have been detected in the cerebellum of reptiles and birds [Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 , whereas in zebrafish [Robra and Thirumalai, 2016] and some mammals [rodents: Ouimet et al., 1984; Perez and Lewis, 1992; primates: Ouimet et al., 1992 ] DARPP-32-ir Purkinje cells have been reported. Therefore, this is another variable feature that has appeared several times during evolution.
Some DARPP-32-ir cells are located in the superior reticular and the superior raphe nuclei of the lungfishes studied. Much more prominent is the immunoreactive population found in the rhombencephalic reticular nuclei and raphe column of anuran amphibians O'Connell et al., 2010] . In reptiles, no immunoreactive cells have been detected in the rhombencephalic reticular formation [Smeets et al., 2001 [Smeets et al., , 2003 , and only in Gekko have DARPP-32-ir cells been seen in the superior and inferior raphe nuclei [Smeets et al., 2001] . However, in birds, scattered DARPP-32-ir neurons were detected medially to the locus coeruleus and in the lateral part of the reticular formation [Absil et al., 2001] , whereas no immunoreactive cells have been described in the reticular formation of mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984] . Therefore, the presence of DARPP-32-ir cells in the reticular and raphe nuclei is another variable species-specific feature.
In the rhombencephalic alar plate, some DARPP-32-ir neurons are located in the medial and caudal nuclei of the octavolateral area of Neoceratodus and only in the caudal octavolateral nucleus of Protopterus. Among the anamniotes studied, a remarkable population of DARPP-32-ir cells was seen in the medial octavolateral nucleus of zebrafish [Robra and Thirumalai, 2016] , and in the octavolateral area of Rana, but not in Xenopus . No immunoreactive cells were detected in similar locations of reptiles, birds, and mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 and, therefore, the presence of immunoreactive cells in this area appears to be a primitive feature present only in some species of anamniotes, primarily related to the lateral line system.
In the caudal rhombencephalon a remarkable group of DARPP-32-ir cells is localized in the solitary tract nucleus of the lungfishes studied, and extends into the area postrema only in Protopterus. Similarly, a notable population of immunoreactive cells was detected in the solitary tract nucleus of amphibians . In reptiles, some immunoreactive cells were described in comparable regions only in Gekko, within the caudal rhombencephalic ventrolateral tegmentum and dorsal to the solitary tract [Smeets et al., 2001 [Smeets et al., , 2003 . No DARPP-32-ir cells have been observed in similar rhombencephalic regions of zebrafish, birds, and mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984; Absil et al., 2001; Robra and Thirumalai, 2016] . Thus, the presence of immunoreactive cells around the solitary tract in the caudal rhombencephalon seems to be a primitive feature present in basal sarcopterygians and some reptiles.
In the upper segments of the spinal cord analyzed in lungfishes, a population of DARPP-32-ir cells was observed mainly in the dorsal and lateral fields of the spinal gray matter, coinciding with the dense catecholaminergic innervation observed in these spinal areas present results] . In the spinal cord of amphibians, a remarkable population of DARPP-32-ir cells was observed in the central, lateral, and ventrolateral fields of the gray matter, also coincident with the intense catecholaminergic innervation observed in these fields . In the lizard Gekko gecko, DARPP-32-ir cells were seen in the dorsolateral and lateral aspect of the ventral horn, and only weakly labeled cells were present in the dorsal horn [Smeets et al., 2001] , whereas no immunoreactive cells have been reported in the spinal cord of the zebrafish, turtle, birds, and mammals studied [Ouimet et al., 1984 [Ouimet et al., , 1992 Walaas and Greengard, 1984; Absil et al., 2001; Smeets et al., 2003] . Of note, in the rat spinal cord phosphorylated DARPP-32 has been detected in the dorsal horn of lumbar spinal levels regulating nociceptive plasticity [Buesa et al., 2016] .
Codistribution/Colocalization of DARPP-32 and TH Although confocal microscopy was not used in the present study, the double immunolabeling experiments showed close relationships between DARPP-32 and catecholaminergic neuronal structures in lungfishes, as in tetrapods [Ouimet et al., 1984 [Ouimet et al., , 1992 Schnabel et al., 1997; Durstewitz et al., 1998; Reiner et al., 1998; Absil et al., 2001; Smeets et al., 2001 Smeets et al., , 2003 López et al., 2010] . Also, in zebrafish, DARPP-32 cells are distributed in areas receiving dopaminergic innervation, although in this case they are primarily restricted to the cerebellum and cerebellum-like circuits [Robra and Thirumalai, 2016] . The staining pattern in lungfishes and tetrapods supports the conclusion that the DARPP-32 is present in dopaminoceptive neurons, i.e., neurons that receive a dopamine input, and that it is absent from the dopaminergic neurons themselves. However, actual colocalization of DARPP-32 and TH occurs in some cells of the suprachiasmatic nucleus of Neoceratodus and in the solitary tract nucleus of Protopterus. In amphibians, colocalization was detected in the nucleus of the solitary tract of Rana and in the ventral mesencephalic tegmentum of Xenopus , whereas in reptiles, double-labeled cells were observed in the ventral part of the periventricular hypothalamic nucleus and in the caudal rhombencephalic tegmentum exclusively in Gekko [Smeets et al., 2001 [Smeets et al., , 2003 . Although a similar experimental approach has not been conducted in birds and mammals, the coexpression of both proteins in the same cells seems to be a restricted feature, with the precise location of this colocalization being a species-specific variable feature.
Some mismatches between the 2 immunoreactivities were observed in the brain of lungfishes, primarily in the rostral lateral septum and the medial amygdala (with DARPP-32-ir cells and almost devoid of TH innervation) or the cerebellum and the median and caudal reticular formation (with TH-ir innervation and devoid of DARPP-32-ir cells). These mismatches have also been reported in the dorsal and central nuclei of ventral telencephalon of zebrafish [Robra and Thirumalai, 2016] , in the lateroventral septum, cerebellum and reticular formation of amphibians , the septal region, the superficial part of the medial cortex, pretectum and rhombencephalic ventromedial tegmentum of reptiles [Smeets et al., 2001 [Smeets et al., , 2003 , and in the neocortex and cerebellum of mammals [Ouimet et al., 1984 [Ouimet et al., , 1992 . These data support that DARPP-32 may not only be regulated by dopamine, but also by glutamate, serotonin, noradrenalin, nitric oxide, or somatostatin Svenningsson et al., 2002; Andersson et al., 2005; Nishi et al., 2005; Hara et al., 2010; Rajput et al., 2012; Yuste et al., 2012] .
Concluding Remarks
The results of the present study show a wide distribution of DARPP-32-ir elements in all main brain regions of lungfishes, largely resembling the pattern described in tetrapods and especially in amphibians. Thus, lungfishes exclusively share with amphibians some particular features, such as the presence of DARPP-32-ir cells in the paraventricular hypothalamic area, suprachiasmatic nucleus, pretectum, and in the rhombencephalic octavolateral area. The presence of DARPP-32-ir cells in the midbrain tectum and the torus semicircularis, as well as the double-labeled cells in some brain areas, are features shared between lungfishes, amphibians, and reptiles. However, the presence of DARPP-32-ir cells within the septal region, the amygdaloid complex, the habenula, the tuberal hypothalamic area, and particularly in the basal ganglia are features strongly conserved in all sarcopterygians. The labeling pattern is notoriously different with respect to the zebrafish, which is the only actinopterygian species studied so far. It is worth noting the identification of well-developed striatonigral and nigrostriatal systems in lungfishes.
